Abstract: This study investigates the statistical characteristics of raindrop size distributions (DSDs) in monsoon season with observations collected by the second-generation Particle Size and Velocity (Parsivel 2 ) disdrometer located in Zhuhai, southern China. The characteristics are quantified based on convective and stratiform precipitation classified using the rainfall intensity and total number of drops. On average of the whole dataset, the DSD characteristic in southern China consists of a higher number concentration of relatively small-sized drops when compare with eastern China and northern China, respectively. In the meanwhile, the D m and log 10 N w scatter plots prove that the convective rain in monsoon season can be identified as maritime-like cluster. The DSD is in good agreement with a three-parameter gamma distribution, especially for the medium to large raindrop size. Using filtered data observed by Parsivel 2 disdrometer, a new Z-R relationship, Z = 498R 1.3 , is derived for convective rain in monsoon season in southern China. These results offer insights of the microphysical nature of precipitation in Zhuhai during monsoon season, and provide essential information that may be useful for precipitation retrievals based on weather radar observations.
Introduction
Raindrop size distribution (DSD) reflects the particle size distribution characteristics of raindrops and is a fundamental characterization of precipitation microphysics. This parameter is also highly related with microphysical process such as accretion, evaporation, and precipitation rate [1] . Many studies have shown that the DSD varies not only in space and time but also within a specific storm even in different types of storm and weather system [2] [3] [4] . Understanding the variability of DSD is essential for improving quantitative precipitation estimates (QPE) using weather radar and satellite observations since the radar reflectivity factor is proportional to the sixth moment and rain rate is approximately the 3.76th moment of raindrop diameter [5, 6] .
The accuracy of the QPE relies on the appropriateness of power law Z-R relationship as Z = AR b , where Z represents the radar reflectivity factor for the single-polarization radar measurements and stands for reflectivity Z h,v , differential reflectivity Z DR , and specific differential phase K DP for dual-polarization radar algorithm [7, 8] , and R is the rain rate. These variables in the above relations are obtained for different radar wavelengths mostly using disdrometer-derived consistency equation [9] . Disdrometer observations are very helpful for investigating the highly variable characteristic of the DSD, at least to provide point information of measurement [10] . They can also provide detailed information on DSD which is crucial not only for raindrop microphysics but also for the calibration of remote sensing system [11] . Three commonly used disdrometers, such as Joss and Waldvogel disdrometer (JWD) [12] , Particle Size and Velocity (PARSIVEL) disdrometer (PD) [13] , and the two-dimensional video disdrometer (2DVD) [14] , have been extensively used in measuring DSD characteristics in previous studies. However, these disdrometer measurements are inevitably contaminated by instrument limitations [15] , undersampling [16] , physical variations [17] , splashing [18] , and environmental factors such as wind effects [19] .
The DSDs in the monsoon season in southern China have received very limited investigation. Tang et al. [20] studied the DSD characteristics for stratiform and convective rain types in different climate regions (northern China and southern China), and found that the spectrums of DSD in these climate regions differ little for stratiform rain types but maximum number of drops is largest in southern China while the northern China has the widest spectrum width of DSD. Wu et al. [21] gave a comparison of DSD between the Tibetan Plateau and southern China: the rain rate oscillation is much more frequent is southern China. They also investigated the Z-R relationship in Tibetan Plateau and southern China, and the result showed that the Tibetan Plateau had a smaller coefficient A and higher exponent b. However, they did not analyze the statistical characteristics of the rain DSDs in the whole monsoon season which heavy precipitation episodes such as squall line and typhoons happen frequently in southern China during monsoon season (May to August). As reported in previous studies [3, 22, 23] , the rain DSD is different in different locations and would vary in the same synoptic system. As a result, investigation of the microphysical characteristic of precipitation in this area is of great significance to improve the accuracy of QPE based on weather radar observations. The paper is organized as follows. The analysis methods and datasets are described in Section 2. The statistical results and characteristic comparison of DSD from different rain types are presented in Section 3. Section 4 gives the summary and conclusions.
Analysis Methods and Datasets

Parsivel 2 Disdrometer and Dataset
The DSD data analyzed in this study were collected with the second-generation Particle Size and Velocity (Parsivel 2 ) disdrometer manufactured by OTT Messtechnik, Germany. The Parsivel 2 is an optical, laser-based device [13] providing simultaneous measurements of particle size and fall-speed of hydrometeors and integrated DSD parameters such as rain rate, radar reflectivity factor, and information on precipitation type [10] . The Parsivel 2 can produce a 54 cm 2 horizontal laser beam and consists of a transmitter and a receiver. A single photodiode converts the laser signal into an electric voltage. When there are no precipitation particles in the laser beam, the output voltage of the receiver is the largest. Precipitation particles shield part of the laser beam with their corresponding diameter when they passing through the beam, thus they reduce the output voltage. The drop diameter is determined by the magnitude of voltage drop. Because the drops larger than 1 mm are not spherical, the calculation of the equivolume diameter is based on different axis ratio relationship [24] . For drops between 1 and 5 mm, the axis ratio linearly varies from 1 to 0.7. For drops with a diameter larger than 5 mm, the axis ratio is set to 0.7 [25, 26] .
The Parsivel 2 disdrometer has been extensively used in measuring the drop size from 0.2 mm to 5 mm for liquid precipitation and 0.2 mm to 25 mm in diameter for solid precipitation. The fall velocities range from 0.2 m s −1 to 20 m s −1 . The particle size and velocities are each divided into 32 nonequidistant size and velocity bins. The lowest two size classes, which correspond to size smaller than 0.2 mm, are not used because of their low signal-to-noise ratios. Detailed particle size class and velocity class are given in Yuter et al. [27] .
The data selected for this study consist of 1-min DSD data that were measured by OTT Parsivel 2 disdrometer at Zhuhai, located at the mouth of the Pearl River, belonging to southern China (Figure 1) , and deeply influenced by summer monsoons. The DSD data were collected continuously from June to September 2018. (There were a tropical depression happened on 27 August to 2 September so the data time spanned two days of September.) To minimize the potential instrument error and obtain reliable data for this research, each minute of DSD has been carefully processed. The following criteria have been employed in choosing data for analysis. (1) Samples with 1-min total number of raindrops less than 10 or a disdrometer-derived rain rate less than 0.1 mm h −1 were regarded as noise and excluded in the analyses, otherwise it is regarded as a rainy minute; (2) raindrops at a diameter of more than 8 mm were eliminated; and (3) an effective rain event is defined on the basis of 30 minutes or longer rain-free period between the two consecutive rainy minutes [20, 28, 29] . In other words, a rain event at least lasts for 30 minutes. Finally, the monsoon season events consisted of 1032 one-minute DSD samples. 
Raindrop Size Distribution
The number concentration of raindrops per unit volume per unit size interval for raindrop diameter is calculated from the OTT Parsivel 2 disdrometer as follows.
where N(D i ) (mm −1 m −3 ) is the number concentration of raindrops per unit volume per unit size interval for raindrop diameter D i (mm); n ij the number of raindrops within the size bin i and velocity bin j; A(m 2 ) and ∆t(s) are the sampling area and sampling time, respectively; and V j (m s −1 ) is the falling speed for velocity bin j. In this study, the falling speed measurements from OTT Parsivel 2 disdrometer are not used because of measurement error, particularly at faster fall speeds and larger size [26, 30] . Instead, the model-based velocity relation is given [28] as follows.
The integral rainfall parameters including the rain rate R (mm h −1 ), radar reflectivity factor Z (mm 6 m −3 ), and liquid water content W (g m −3 ) can be derived from N(D i ) as follows.
The mass-weighted mean diameter D m (mm) is a generally used characteristic raindrop diameter which equals the ratio of the 4th to the 3rd moment of the DSD:
where D n stands for the nth-moment of the DSD, which is defined as
The normalized intercept parameter N w in the unit of mm −1 m −3 is computed from D m :
where ρ w (1.0 g cm −1 ) is the density of water. The three-parameter gamma distribution is most commonly accepted model in describing the measured raindrop spectra, and it is generally enough to describe the DSD fluctuations observed on small scale [31] and has the capability of describing a broader variation in DSD, which is expressed as
where N 0 is the intercept parameter in a unit of m −3 mm −1−µ , µ is the shape parameter (dimensionless), and Λ is the slope parameter in a unit of mm −1 [17] . The three parameters in (9) are estimated from the second, fourth and sixth moments of the observed distribution using the method of moment (MM) in (7) which was recommended for practical use [32] .
Classification of Rain Types
Precipitation is generally divided into two clearly distinguishable types: stratiform and convective. It is of great importance to classify the rain types as it is significant in observational, modeling, and in the remote sensing field [33] . Numerous DSD studies have been proposed by investigating the differences between stratiform and convective rain [29, [33] [34] [35] [36] . To deeply investigate the characteristics of the stratiform and convective precipitation type, a classification procedure, similar to that of Chen et al. [29] and Bringi et al. [34] was adopted. It classifies a sample of R at the instant t i , R(t i ), as for stratiform, if the values of R values from t i − N to t i + N lie in the range of 0.5 to 5 mm h −1 and their standard deviation is less than 1.5 mm h −1 ; otherwise, the sample is classified as convective if the values of R from t i − N to t i + N greater than 5 mm h −1 . Samples R(t i ) which belong neither to stratiform nor convective cluster and will be excluded from the investigation. In this study, N is set to be five samples. Figure 2 shows the frequency distribution of rain rates based on the datasets from June to September. After data processing using the above methods, there were 1032 rain spectra left and convective precipitation samples portioning the whole dataset (1032 samples) are only~20% (206 samples). The frequency of occurrence of the total rainfall in all datasets is 80% below 5 mm h −1 , and only 3% for the rain rate in the range of 5 to 10 mm h −1 . Figure 3 shows the relative frequency histogram of D m and log 10 N w for the whole data set and for convective and stratiform subsets calculated from disdrometer. In addition, three key parameters, such as mean, standard deviation, and skewness, are used. As shown in Figure 3a , for the whole dataset, the mean value of D m and log 10 N w is 1.46 mm and 3.86, respectively, which is similar to that of in eastern China (1.40 mm and 3.55, respectively) [29] . Note that the units of N w are in mm −1 m −3 . The histogram of D m has a highly positive skewedness, and on the contrary, the log 10 N w is slightly negatively skewed. The standard deviation of D m and log 10 N w are large (0.46 mm and 0.5, respectively), indicating a high variability in D m and N w . When the whole datasets are classified into convective and stratiform, it can be found that the histogram means of D m and log 10 N w from convective is 2.21 mm and 4.36, respectively, which is higher than that from stratiform precipitation (1.53 mm and 3.87, respectively). The convective histogram and stratiform histogram of D m are both positively skewed (0.84 and 0.26); however, the log 10 N w histogram shows a negative skewness for convective (−1.33) and exhibits a positive skewness for stratiform precipitation (0.1). Averagely, it can be seen that the DSD characteristic in southern China consists of a higher number concentration when compared the results with eastern China [29] (3.86 versus 3.55 for log 10 N w ), and relatively small-sized drops as compared with northern China [37] . While compared to Darwin located in Australia, the DSD characteristic in southern China consists of a lower number concentration [38] . In addition to the altitude difference, the orographic effects in southern China cloud play an important part in the variability of DSD characteristic. Figure 4 are the fitted power law relationship calculated by a least-squares method. The points in Figure 4 are scattered, especially for convective rain type. Note that the exponent in the N w -R relationship is positive, indicating that N w is higher at higher rainfall rate, because of the more efficient mechanisms of coalescence and breakup process. Figure 4 . At higher rain rate, the D m values tend to be a stable value-~2.5-3.0 mm for convective and 1.5-2.0 mm for stratiform rain types-indicating a tendency to equilibrium-like DSD [34] . With respect to the D m -R relationship, the coefficient and exponent values of convective precipitation are slightly lower than stratiform, which has a diametrically opposed conclusion to Chen et al. [29] in eastern China. The climates in eastern and southern China are both deeply influenced by summer monsoons, which cause some similarities of the DSD characteristics in the two areas. Whereas, there are more typhoons landed in southern China which received more than 500 mm annual typhoon precipitation, contributing~20-40% of the total annual precipitation [39] . Research has been proven that the typhoon D m is lower than that of non-typhoon values for different precipitation types also at all rain rates [40] . This could be the reason that the D m -R is different between southern China and eastern China. In addition, the typhoon-related DSD characteristics are important to southern China QPE, which need further study in the future. [34] . In this study, the mean values of log 10 N w and D m for stratiform are approximately 3.87 and 1.53 mm, respectively, as shown in Figure 3 . This suggests that the melting of tiny, compact graupel, and rimed ice particles instead of melting of large dry snowflakes formed the stratiform rain type in southern China. Meanwhile, Figure 6 also illustrates a very clear separation of convective and stratiform rain types by a green dashed line in N w -D m domain. Here, the green separation line was drawn based on visual examination of the data with a slope of approximately −1.2097 and intercept of~6.2434. Note that the separation line is different from that given in the equation (6) in the N w -D 0 domain in the study by Bringi et al. [41] . The separation line given in [41] cannot work well in dividing the observations into convective and stratiform rain types.
Results
Distribution of D m and N w
Bringi et al. [34] found that in the case of convective rain, the maritime-like cluster has D m~1 .5-1.75 mm and logarithmic N w~4 -4.5 (gray rectangle in solid line) and the continental-like cluster has D m~1 .5-1.75 mm and logarithmic N w~4 -4.5 (gray rectangle in dashed line). As shown in Figure 5 , only some of the convective N w -D m data are at the area of maritime convective cluster, and few of the data are observed in continental convective cluster. The mean values of logarithmic N w and D m calculated in Figure 3 are roughly in the maritime-like convective cluster. Note that the D m is slightly higher than the maritime convective D m values, implying the D m of convective rain in monsoon season is larger as compare with maritime-like cluster. So far, the DSD characteristics are also studied at other places in China. Chen et al. [4] used the summer months of three years in Tibetan Plateau and found that convective rain at daytime could be identified as continental-like cluster while the night fall in the maritime-like cluster. Based on 96 rainfall events at the Shunyi national meteorological observation station located in northern China, Wen et al. [37] found that whether the convective DSDs can be characterized as maritime or continental-like cluster up to the orientations and mechanisms of rainfall system. 
Composite Raindrop Spectra
Further, we investigate the characteristic DSDs for convective and stratiform precipitation systems to understand the precipitation microphysical processes. Figure 7 is a composite raindrop spectrum for convective and stratiform rain and its fittings to the three parameter gamma distribution models. The red line is the gamma function fitted on convective spectrum using the second, fourth and sixth moment method and the blue line is for the stratiform spectrum. The integral physics parameters are calculated in Table 1 . Generally, the gap between the convective and stratiform becomes wider as the rain drop diameters increasing and the width of convective rain type is larger than stratiform. When compared with stratiform, the convective has a higher concentration nearly at all size bins corresponding to a higher number concentration, more rain water content and higher rain rate ( Table 1 ). The measured raindrop size distribution can be better described by a three-parameter gamma distribution especially for the medium to large raindrop sizes. Composite raindrop spectrum for convective and stratiform rain types. The red line is the gamma function fitted on convective spectrum using the second, fourth and sixth moment method and the blue line is for the stratiform spectrum. 
Shape-Slope Relation
Apart from the statistical results, an empirical µ-Λ relationship of three-parameter Gamma DSD is also evaluated. A three-parameter gamma distribution has been widely used to characterize DSD variability in microphysical parameterization schemes. Besides, the derived µ-Λ relationship provides useful information to reflect characteristic of DSDs and describe the behavior of the DSD parameters [42] . Several studies have shown that the three parameters N 0 , µ and Λ are not mutually independent, with an N 0 -µ relationship found by Ulbrich [17] to retrieve the DSD parameters from reflectivity and attenuation, and µ-Λ relationship suggested by Zhang et al. [43] to retrieve DSDs from reflectivity and differential reflectivity. Using the summer time DSD data collected in Florida, an empirical µ-Λ relation for rain rate larger than 5 mm h −1 , and total raindrop counts more than 1000 using truncated moment method [5, 31] is as follows.
what is more, it should be noted that there are other empirical µ-Λ relationships proposed based on the disdrometer observations of DSD due to the variabilities of µ-Λ relationship across different location and climatic regimes [44] [45] [46] [47] . Therefore, the Z-R relationship should be localized in southern China. In this study, the corresponding µ-Λ relationship is given by
The relationship is derived on the data filtering method suggested by Chen et al. [29] using convective DSD data with total raindrop numbers higher than 1000. Accordingly, we also compare the relationship with eastern China proposed by Chen et al. [26] as follows.
As it can be observed in Figure 8 , the red solid line is the µ-Λ relationship using a polynomial least-square fit (Equation (11)). The red dashed line and black dashed line are from Chen et al. [29] and Zhang et al. [42] , respectively. We can clearly see the difference among the three areas through the µ-Λ relationship. The fitted µ-Λ relationship in southern China and eastern China are very similar which could due to the locations belonging to the similar climatological region because of the Asian summer monsoon. However, the µ-Λ relationships of both southern and eastern China vary greatly from that in Florida, and the differences become larger with the increasing rain rates (higher Λ value). Ulbrich [17] found that the µ-Λ relationship could be given by the approximate expression: Λ D m = 4 + µ. As shown in Figure 8 
Z-R relationship
In this section, the empirical Z-R relationship (Z = AR b ) is analyzed by deriving R and Z from Equations (3) and (4) [33] . Choosing the appropriate A and b based on different rain types has a great significance in improving the regional radar QPE. The relationship Z = 300R 1.4 is the convective precipitation relationship proposed by Fulton et al. [48] which is commonly applied in the standard NEXRAD (Next-Generation Weather Radar) Z-R relationship in the United States. The other relationship, Z = 250R 1.2 , has been widely used to the tropical rainfall events [49] . Figure 9 shows that there is an appreciable difference on the coefficients A and b related to various regions. In order to compare the southern China Z-R relationship with other places, Z = 368R 1.2 for convective rain type in Meiyu season in eastern China, Z = 300R 1.4 for the standard NEXRAD in the United States and Z = 250R 1.2 for tropical precipitation are also provided. Compared to the standard Z-R relationship with A = 300 and b = 1.4, the fitted power law relationship in this study has a higher value of A = 498 and lower value of b = 1.3. Compared to the Z-R relationship derived from Meiyu season in eastern China, the monsoon season in southern China showed a higher A and b. Besides the parallel comparison with the above places, we also compare the Z-R relationship from Yangjiang [21] , which is near our observation sites and has the same climatic regime and also has the similar coefficient and exponent (Z = 526R 1.3 ). In addition, for a given Z, the three power law relationships in the Figure 8 all overestimate rainfall, particularly the Z-R relationship at tropical areas. 
Discussion
The statistical characteristics of DSD observed in monsoon season in southern China are documented using observations from the OTT Parsivel 2 . The DSD observed by Parsivel 2 indicates that it consists of a higher number concentration compared with eastern China (Nanjing, Jiangsu). Despite both locations are influenced by a similar synoptic system in monsoon season, the altitude and orographic effects may be the primary reason to explain the difference. The DSD in Zhuhai is more like maritime-like cluster which also related to the location (see Figure 2) . On the other hand, their Z-R relationship, derived from the disdrometer, is also different from other regions; previous research has shown that the coefficients may change with weather conditions, geographical location, and other possible reasons such as quality control and raindrop physical properties.
As aforementioned, the Parsivel 2 can only measure the drop size between 0.2 mm to 5 mm for liquid precipitation and 0.2 mm to 25 mm in diameter for solid precipitation, indicating that Parsivel 2 cannot detect the small drops with diameter less than 0.2 mm. Therefore, the readers need to keep in mind that the DSD measured by Parsivel2 in this study is not a complete DSD. Additionally, the other two commonly used disdrometers JWD and 2DVD also have limits on the sizes of raindrops that they can detect. Recent studies show that the 2DVD [14] can be used as reference instrument for the large end of the DSD [50, 51] but underestimates concentrations of small drop with unreliable measurements under a drop diameter limit of 0.3 mm [52] . A study by Prat et al. [53] included that the JWD could not provide adequate measurement of the small drop end of the DSD. Recently, more and more efforts are reported to develop to adjust the disdrometer measurement of DSD aiming to overcome these limits of commonly used disdrometers [15, 54, 55] . Raupach and Berne [54] corrected the raindrop size distribution measured by Parsivel disdrometers using a 2DVD as reference. Thurai et al. [15, 55] combined the DSD measurement from 2DVD and Meteorological Particle Spectrometer (MPS) to obtain more complete DSD spectra and developed a technique to reconstruct the drizzle mode of the DSD. The results shown in [15, 55] indicate that the reconstruction technique of DSD drizzle mode is flexible and can obtain better rain rate estimations than previous DSD correction routine especially for light rain. This has implication for DSD modelers and radar QPE developers as well as the numerical forecast modelers to give serious considerations of the drizzle mode in their research and applications.
Summary
Base on the DSD data observed with OTT Parsivel 2 disdrometer in Zhuhai, located in southern China, the characteristics of the DSD and calculated integral parameters are studied during the summer monsoon season. The main conclusions are as follows.
(1) The D m histograms of both convective and stratiform are positively skewed, whereas the log 10 N w histograms have a negative skewness and positive skewness for convective and stratiform precipitation, respectively. What is more, the mean D m and log 10 N w in convective rain are found to be higher than that of in stratiform rain (2.21 mm versus 1.53 mm for D m and 4.36 versus 3.87 for log 10 N w ). On the average of the whole dataset, the DSD characteristic in southern China consists of a higher number concentration of relatively small-sized drops when compare with eastern China and northern China, respectively. Meanwhile, the D m and log 10 N w scatter plot proves that the convective rain in monsoon season can be identified as maritime-like cluster. (2) The averaged raindrop size distribution is in good agreement with a three-parameter gamma distribution especially for the medium to large raindrop size. The convective has a higher concentration almost at all size bins corresponding to a higher number concentration, more rain water content and higher rain rate. Retrievals of shape-slope parameter using the truncated moment method in both southern and eastern China vary greatly from that in Florida, and they also have a higher D m than Florida. Statistic characteristics of DSD is very useful not only for weather forecast modelers to improve the numerical modeling of microphysical process of rain formation and evaluation but also for QPE developers to improve the accuracy of QPE products related to radar measurement of the precipitation, particularly in an era of dual polarization weather radar and global precipitation measurement mission with dual-frequency phased-array precipitation radar as a core instrument. This study first time reveals the characteristics of DSD measured by the Parsivel 2 at the Pearl River Estuary where the low-level jet from Western Pacific Ocean passes at monsoon season to trigger heavy precipitation in inland regions like Guangzhou city and far beyond. Such DSD information is helpful for local meteorological departments to improve the weather forecast service with more accurate weather forecast and real time radar QPE. However, as aforementioned, the Parsivel 2 has limitation in measuring small drops when compared to 2DVD and MPS. With the recent development of DSD modeling, it is necessary to obtain more complete DSD measurement via more accurate instrument like 2DVD and MPS. Also, the reconstruction technique of drizzle mode [15, 55] can be tried in this region. This work will be conducted soon in coming future.
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